The quantitative analysis of the yield of seven irrigated plots of land sown with maize was carried out over a period of 3 yr in order to determine the spatial and temporal variability. The methodology used was based on: inter-annual analysis of yield, which quantifies the overall difference in production from 1 yr to the next; and temporal variance, which indicates the variability of yield at a given point over time. The results show that even with irrigated crops, where production factors are generally subject to high degree of control, there is a high degree of inter-annual variability, becoming less marked over time. These results enable an investment risk map associated with a given crop and a given plot to be drawn; they also enable it to be shown that the sum of the yield for stable zones for each field decreases as field area increases, indicating that the greater the length of the centre pivot irrigator used, the lower the temporal stability of yield. The most stable yields are associated with an average distance of about 15 m from the flow lines; finally, the results show that forecasting for future years is extremely difficult owing to the fact that the temporal variability of yield may vary between 1 and 8 t/ha.
Introduction
Before taking any decision, all farm managers would like to have an indication of the risk associated with the investment to be made. In most cases, the risk associated with a given farming investment is not fully known and most managers take decisions on the basis of intuitive guesses, very often on the basis of experience gained following successful investments. When commercial yield mapping began in the early 1990s, the conventional wisdom was that productive stability would be constant, that is, the yield of certain parts of a given plot of land would always be low while that of other parts of the same plot would always be high. This principle was linked to the idea that permanent soil characteristics would always behave in the same way, year in year out. This concept was even more entrenched with regards to irrigated crops, as the degree of control of production factors was even greater than that for dry-field crops. Various authors have developed different types of methods for the analysis of this spatial and temporal variability: Larscheid and Blackmore (1996) ; Swindell (1997) ; Stafford (1996a, 1996b) ; and Panneton et al. (2001) . Panneton and Brouillard (2001) and, more recently, Blackmore et al. (2003) have used a similar technique for identifying the sites where production is stable over time and sites where it is unstable.
If the inter-annual yield trend of yield were to show only a slight degree of variability, yield maps would provide an excellent tool as the spatial distribution of yield in subsequent years could be predicted. In order to test this temporal stability, a forecast has to be made comparing the different years with each other. Blackmore et al. (2003) encountered great difficulty in establishing a temporal threshold for stability and instability for the crop studied. They found that spatial trends over time were not stable. Instead, the spatial trends in all of the fields studied became less pronounced than the variability found in individual years.
The main objective of this study was to evaluate, in an irrigated crop, the possibility of yield maps forecasting the yield pattern for the following year. This study addressed the main following question: How can a crop be spatially managed in accordance with its historical records or with its needs in real time?
Materials and methods

Site description
The study was carried out in Fronteira, which is located approximately 80 km North of É vora in the Alentejo region of Portugal. This region is characterised by an undulated topography and an average rainfall precipitation of 600 mm (20 yr) with hot dry summers.
The experimental data were collected in 234Á8 ha of an area of rolling topography in the parcels: Arribana, 28Á8 ha; Azarento, 61Á9 ha; Bemposta, 29Á6 ha; Cevada, 18Á9 ha; Cristalino, 37Á1 ha; Eucaliptus, 24Á0 ha; and Meia Lua, 36Á0 ha. On all the fields, irrigated maize was grown, sown in mid-April to May and harvested in September.
The predominant soils of these parcels are classified as Vertic Luvisols and Haplic Regosols (FAO, 1998) with, sandy clay loam and sandy surface textures, respectively.
Processing and collection of data
Yield maps were drawn for the period from 2002 up to and including 2004, as part of a piece of research work into precision farming. A Claas Lexion 450 combine harvester was used, equipped with a 'combine electronic board information system' (CEBIS) providing instantaneous yield and grain moisture data, with an error of less than 5%. The combine harvester was equipped with: a 4Á5 m cutting header; a differential global positioning system (DGPS) pilot; a grain mass flow sensor (through the impact force of grain hitting a plate) and a grain moisture sensor (by sensing the dielectric properties of the harvested grain), both near the top of the clean grain elevator.
The data were processed in order to eliminate identifiable errors using the methodology described by Blackmore and Moore (1999) ; the technique described in Blackmore et al. (2003) was used to extract the spatial and temporal relations. First, temporal stability was analysed considering inter-annual difference: yield on a given plot as a whole will be greater or lesser depending on the year. The differences found could be consistently attributed to climatic causes or the degree of scarcity of water for irrigation. Another type of temporal correlation is that where yield is seen to vary from year to year for a given zone of a plot of land. Blackmore et al. (2003) called this effect temporal variance, and calculated it using a modified function of standard deviation.
Data for each plot were plotted on a 20 m by 20 m grid over a range of 20 m. The aim was to ensure that each cell of the grid would contain information for at least three lines of data collected and at the same time avoid the existence of cells with no information or with atypical information when adjacent values were considered.
Inter-annual spatial variability map
In uniformly managed fields, one can find considerable differences in the spatial patterns and magnitudes of yield variation, which is mainly linked to soil variation, water availability and earlier field operations. The most popular approach to manage field variability is the use of 'management zones'. A 'management zone' in a field expresses a sub-region of a field that has a relatively homogeneous combination of yield-limiting factors, for which a single rate of a specific crop input is appropriate (Vrindts et al., 2005) . Such definition of 'management zone' is valid if the soil characteristic introduces a limiting factor that is permanent. When these conditions are present the spatial pattern of yield should be the same every year. Inter-annual spatial variability maps were obtained following Blackmore et al. (2003) , that is, by calculating the temporal arithmetic mean for the same point over a given number of years. The mean yield of each grid, obtained over 3 yr of data, provided the information for the inter-annual spatial variability maps.
Temporal stability
Inter-annual yield time-lag
During the course of the analytical process, differences in inter-annual yield were observed, which were probably due to climatic variations between the different years: extreme temperatures were experienced in the maize flowering season leading to different parts of a given field behaving differing ways. Inter-annual yield time-lag can be defined as the difference in relation to the mean yield for 2 yr for the same plot of land. This difference could also be simply determined by means of the comparison of the yield curve for the different years studied.
Temporal variance map
The second temporal effect that was studied involved the analysis of cases in which a given part of a plot of land produces above-average yield in a given year and below-average yield in a different year. Blackmore et al. (2003) called this variation 'temporal variance at a single point'. In order to quantify this variance, Blackmore et al. (2003) the deviation from the mean over time (2002) (2003) (2004) :
where: d 2 i is the temporal variance at point i; t is time in years from 2002 to 2004; Y t,i is yield for year t at point i; and Y t is mean yield for the whole field for years t. It was also considered that, similar to conventional statistics, temporal variance is the square of temporal standard deviation, the latter being a more useful way of presenting yield as it is expressed in units t/ha. By definition, temporal variance presents a low value if a given area of the field presents a value that is always near the mean. This area can be considered an area of stable yield in temporal terms; at the same time, if another area of the field sometimes approaches the mean and sometimes deviates from it then this can be regarded as an area of unstable yield in temporal terms.
Sensitivity analysis of temporal stability
Temporal variance maps can be classified in stable yield zones and unstable yield zones when a given temporal standard deviation is considered which would sub-divide these two zones. Blackmore (2000) used a coefficient of variation (CV) of 30% to delimit these two zones, but this value was considered very high as no zone was regarded as unstable for all fields and years studied. Blackmore (2003) has decided to carry out sensitivity analysis of the variation of the area of the map in relation to the variation of the temporal standard deviation of yield. Such a strategy was also used in the present study, and thus for each interval of temporal standard deviation the cumulative percentage of the area of the field affected is presented.
Temporal and spatial variability map
According to Blackmore et al. (2003) , temporal variance and spatial variability maps can be divided into four classes:
(1) high-yield zone -a zone in which mean yield for a given point is greater than inter-annual mean yield; (2) low-yield zone -a zone in which mean yield for a given point is lesser than inter-annual mean yield; (3) stable zone -low inter-annual spatial variance (threshold arbitrarily defined); and (4) unstable zone -high inter-annual spatial variance (threshold arbitrarily defined). Yield, t / ha 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 Yield, t / ha 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 Yield, t / ha 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 Yield, t / ha 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 Yield, t / ha 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 Lua; Due to the fact that yield and stability are not mutually exclusive variables, there are four possible combinations for these two variables: high and stable (HS); high and unstable (HU); low and stable (LS), and low and unstable (LU).
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Forecast
If for a given field it is found that a given spatial standard is stable then it can be assumed that this type of behaviour will repeat itself in subsequent years. This assumption is based on the hypothesis that the limiting conditions and factors remain constant from 1 yr to the next. In order to test this hypothesis, a simple correlation exercise was carried out using yield data for the following years for each field: 
Results and discussion
Inter-annual spatial variability map
Inter-annual spatial variability maps are presented in Figs 1 and 2. In both figures, the mean yield curve for the period under consideration (2 or 3 yr) was added. The two figures demonstrate that despite the inter-annual variability of yield being relatively high (Fig. 3) the interannual mean remains relatively stable, which can be seen by the similar path of the curves in Figs 1 and 2.
Temporal stability
The temporal stability of mean yield for each field can be obtained by subtraction of this yield, using data for different years, thereby quantifying the effects of the system on yield (effects of climate, disease, plagues, etc). By examining the yield histograms for each field (Fig. 3) it can be seen the low degree of temporal stability for most of the fields studied (e.g. Arribana average yields: close to 8 t/ha in 2002, close to 12 t/ha in 2003 and close to 9 t/ha in 2004); besides this effect within the same field, there may be years in which the distribution of yield is highly concentrated around the mean, low range ( Fig. 3e, 2004 ) and for other years there may be distributions which, besides being asymmetrical as compared with the mean, show a wide range of values ( Fig. 3e, 2002) .
With the exception of the Arribana field, 2004 was the most productive year (Table 1) ; the field with the highest Table 1 Mean yield, standard deviation (SD) and coefficient of variation (CV) values for the seven fields over the 3 yr
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Field name
Year If spatial mean yield and the spatial variance of yield are not independent one of the basic principles of statistics will be violated and therefore steps must be taken to ensure that this does not occur. Spatial mean yield and spatial variance of yield were recorded for each field and for each year in question (Fig. 4) . The variance and the spatial mean yield were calculated on the basis of the original yield data, and as can be seen in Fig. 4 these do not show any correlation with each other, demonstrating that they are independent.
Temporal stability: temporal variance map
Temporal standard deviation Eqn (1) was calculated for each point on the grid for the 3 yr of data. The square root of the standard deviation produces the variance and this in turn was divided into standard deviation classes (Fig. 5) . In Fig. 5 , it can be seen the zones in which temporal instability is very high (bright red).
The relation existing between temporal standard deviation of yield and the temporal mean of the yield is presented in Fig. 6 . Each point on each plot of land is represented by a temporal standard deviation of yield and a temporal mean of yield over 3 yr. Each graph is subdivided into four classes using two orthogonal thresholds. The X axis is cut by the overall mean yield (for all points and all years) for each field or plot, and the Y axis is cut by the threshold of temporal stability of 2 t/ha. Zone 'A' indicates yield cells below the mean and unstable in time; zone 'B' indicates yield cells above the mean and unstable in time; zone 'C' indicates yield cells below the mean and stable in time; zone 'D' indicates yield cells above the mean and stable in time. Arribana, mean temporal variance 4Á8 t 2 /ha 2 ; (b) Azarento, mean temporal variance 7Á2 t 2 /ha 2 ; (c) Bemposta, mean temporal variance 5Á6 t 2 /ha 2 ; (d) Cevada, mean temporal variance 5Á5 t 2 /ha 2 ; (e) Cristalino, mean temporal variance 4Á5 t 2 /ha 2 ; (f) Eucaliptus, mean temporal variance 3Á6 t 2 /ha 2 ; (g) Meia Lua, mean temporal variance 4Á0 t 2 /ha 2 (left-hand axis) and the lines show the cumulative percentage of the field considered stable at that level (right-hand axis). The abscissa axis shows the temporal standard deviation, divided into 10 yield classes from 0 to 10 t/ha.
Temporal stability sensitivity analysis
The Eucaliptus field has the smallest area affected by temporal variability (i.e. it is the most stable and the risk associated with the investment is lower for this field) ( Fig. 8) investment is very high. Such a variation can also be seen in space (Fig. 9) . A precision irrigation system would ideally be used so as not to irrigate the zones with very low yield and a very high investment risk. For irrigated maize, if it can be estimated the temporal instability risk capable of being managed by a farm manager, one can found values between 1 and 2 t/ha. Where the instability threshold is equal to 2 t/ha the largest area regarded as unstable is the Azarento field (51Á6%) and the smallest is Meia Lua field (32Á4%) ( Table 2 ). If one reduces the threshold to 1 t/ha it can be seen that these values increase significantly. The Bemposta field would present 86Á6% of its area as an area of unstable yield.
Temporal variability map
Spatial variability of yield was classified as high or low according to whether it was above or below the mean; the temporal standard deviation of yield was classified as stable and unstable over time according to whether it was above or below the previously established threshold of 2 t/ha. These four basic classes were combined (Fig. 10) into the following compound classes: HS, HU, LS, LU.
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In general, the edges of all the fields studied present a high degree of temporal instability: 2 t/ha, and this instability is almost always linked to low yield; this is due to the irrigation system used, as the uniformity of irrigation in the final stages of the system is almost always low.
In most cases, problems of the spatial variation of yield for irrigated maize, using centre pivots, is not so much due either to the different spatial characteristics of the soil or to the production technology used but rather to the difficulties involved in the management of these irrigation systems in complex topographical situations (Marques da Silva & Alexandre, 2004) .
Due to the operational features of the irrigation equipment used, an increase in the rate of application along the centre pivot irrigator occurs from the centre, or pole, towards the edge, which has the effect of increasing problems of run-off and erosion caused by the length of the centre pivot irrigator. Associated with these high rates of application there is a high level of kinetic energy, caused by the impact of droplets of water hitting the soil, which is directly related to the formation of a crust, and this in turn is responsible for a significant reduction in terms of infiltration (Thompson & James, 1985) , which encourages run-off and erosion.
On concave surfaces, where there is generally excess water, stable zones with a low yield are present; surrounding these, generally there are low-yield unstable zones. There are also high-yield stable zones on flat and/or convex surfaces, where irrigation is more homogenous; surrounding these, there are generally sloping zones, which are unstable and high-yield. In some convex zones, as a result of constant erosive processes, the soil profile is generally shallow (generally less than 0Á15 m deep) and therefore the usable soil capacity is very low; at these sites, classification is highly variable, and any of the classes defined above can be found.
As a result of what has been set out above, one can conclude that the temporal variation of yield is in the main due to the interaction of two factors: topography and the availability of water. Besides these two factors, high temperatures are recorded in some years at the maize flowering season, and these could also significantly influence the temporal variability of yield; in the 2003 flowering season, temperatures of the order of 44 1C were recorded. The sum of the stable zones in each field decreases as the area of the field increases ( Table 2) , indicating that the greater the length of the centre pivot used the smaller the temporal stability of yield will be. If one considers a more restrictive level of temporal instability (1 t/ha), it can be seen that the area of the field classified as unstable increases, more than doubling for many of the fields studied. This trend indicates that the differential distribution of production factors based on historical yield data is adversely affected. Similar to Geesung et al. (2001) , Wood et al. (2003) and Blackmore et al. (2003) , in the present study, it was concluded that greater attention should be given to the management of spatial variability in the current year as, besides temporal instability, the spatial distribution of mean yield will tend to become more homogenous. The effect of the homogenisation of mean yield is obtained as there are some years in which yield is high and others in which yield is low. An explanation for this has to do with the management of irrigation; in years in which water is scarce and irrigation is deficient, zones located in depressions present fewer drainage problems and as such, higher yield; in years in which water provision is higher, these zones present drainage problems and therefore lower yield. In zones located on slopes, the process is exactly the opposite: in years in which water is scarce yield is lower, as sloping zones have a lower useable capacity; in years in which water provision is not deficient, there is more water available and so yield is higher. All fields present above average yield when the average distance from the flow line is equal to or less than 15 m, while average distances from the flow line of over 15 m indicate zones of below-average yield (Fig. 11) .
Instability of yield with above-average yields is generally associated with a short average distance from the flow line. This indicates that cells closest from the flow line are those for which the greatest impact is recorded in terms of production, due to excess of water in years in which the supply of irrigation water is not restricted; in years when there are such restrictions, these zones generally present higher production figures.
Instability of yield with below-average yields is generally associated with a high average distance from the flow line. This indicates that cells furthest from the flow line are those for which the greatest impact is recorded in terms of production, due to hydrous stress in years in which the supply of irrigation water is restricted; in years when there are no such restrictions, these zones generally present higher production figures.
Stability of yield with above-or below-average yields is generally associated with an average distance from the flow line of about 15 m. For distances of just under 15 m from the flow line above-average yields are recorded, while below-average yields occur for distances of just over 15 m from the flow line.
Therefore, in years in which irrigation is subject to restrictions, high yields occur for cells close to flow lines, while yields fall the further away from flow lines cells are located. In years in which irrigation is not subject to restrictions, yields for cells located close to flow lines are low, while yields are high where cells are located at a short distance from flow lines, and furthermore yields are low when cells are a located a long way from flow lines. This pattern is due to the complex undulating topography of all the zones examined in the study, which makes the management of irrigation somewhat difficult, especially when the fact that centre-pivot irrigation equipment is being used is taken into account.
Yield estimate
Estimating the yield of the following year by taking into consideration the yield of one or more previous years could provide a solution for the differentiated management of production factors. Table 3 shows a comparison between field points and the different production years. According to Table 3 , 2003 presents determination coefficients which are higher than those for 2004 and those for 2002, while the exceptions are the fields of Bemposta, Cevada and Cristalino, which present higher determination coefficients for 2002 and 2003. Owing to the fact that there is no homogenous standard of correlation it is very difficult to estimate values for the following year. It should be noted that the determination coefficient is generally higher when a given year is compared with the mean yield for the other 2 yr; this phenomenon serves to confirm the effect of homogenisation of mean yield which at its limit tends towards the value of inter-annual mean yield for the field (Figs 1 and 2) .
Conclusions
Production factors for an irrigation crop are generally subject to a high degree of control, which leads to the conclusion that the spatial and temporal variability associated with this type of farming only depends on factors which are relatively stable over time, such as soil. If this is shown to be true, the differentiated management of such factors could take into account the standard set by the spatial and temporal variability of yield. However, it was found in this study that it is not true, as yield maps become more homogenous over time, and therefore the implications are evident: (1) interannual variability could be the factor with the greatest impact on overall yield; (2) the spatial variability of each year is relatively great; (3) most spatial variability disappears over time; (4) yield maps cannot forecast the yield pattern for the following year; and (5) a crop should therefore be managed in accordance with its needs in real time giving priority to precision irrigation systems in order to reduce the risk of farm management investments. It was also found that the irrigation system used and topography are highly influential factors affecting the spatial and temporal variability of yield, as the sum of the yield for stable zones for each field decreases as field area increases, indicating that the greater the length of the centre pivot used the lower the temporal stability of yield. At the same time, the most stable yields seem to be associated with an average distance from the flow line of around 15 m. 
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